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ABSTRACT 
In June-July 1983, five pairs of plots were established in forest 
stands with one of each pair trenched and covered to prevent precipitation 
from reaching the tree roots. 
covers on three of the plots. 
(Pinus resimsa Ait.) plantation and in a natural stand of sugar maple 
( h e r  saccharmm L.). Trees in both plots developed levels of moisture 
stress more than nine bars higher than control trees on the dates of the 
overflights with the Airborne Imaging Spectrometer (AIS) and the Collins' 
Airborne Spectroradiometer (CAS), August 7 and 9, 1983, respectively. 
High winds and falling limbs destroyed the 
The two remaining plots were in a red pine 
Hemispherical reflectance from stressed and control trees was 
measured with a Beckman DK2A spectrophotometer. 
overflight, stressed maple foliage was less reflective than the control 
from 1000 to 1300 nm, but more reflective at wavelengths longer than 1300 
nm. Pine foliage was less reflective than the control from 1000 to 1600 
nm, but the difference was small at wavelengths longer than 1350 nm. 
On the day of the AIS 
AIS data collected on August 7, 1983, showed brightness values for 
both maple and pine plots to be lower than for the controls from 1000 to 
1300 nm. At wavelengths longer than 1300 nm, stressed maples became more 
reflective (brighter) than the controls, and stressed pines became almost 
indistinguishable from the controls. 
CAS data collected on August 9, 1983, were used to determine the gain 
in species identification accuracy obtainable with high spectral resolution 
data. The Linear Discriminant Function provided better results than did 
Principal Components Analysis. With nine land cover types (eight forest 
types and water), the Linear Discriminant Function provided an accuracy of 
80 percent in a supervised classification. 
contributed most to species identification were 455, 459, 471, 486, 496, 
513, 557, 1684, and 2222 nm. Of these, the best seven were all shorter 
than 600 nm. 
The nine spectral bands which 
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EVALUATION OF THE AIRBORNE IMAGING SPECTROMETER 
FOR REMOTE SENSING OF FOREST STAND CONDITIONS 
INTRODUCTION 
The utility of multi-band remote sensing was demonstrated more than 
twenty years ago with multiple camera arrays (Colwell, 1961), and fifteen 
years ago with optical-mechanical scanners (Lowe, 1968). Work with such 
systems provided the scientific foundation for the Landsat Multi-Spectral 
Scanner (MSS) and Thematic Mapper (TM). 
resulted in important advances, their 100 and 60 nanometer (nm) band 
widths, respectively, are too wide to permit full exploitation of what is 
known about spectral reflectance differences between different terrain 
conditions (Goetz, et al., 19831, especially at wavelengths longer than 1.0 
micrometer (urn). 
wavelengths are now available (Collins, 1978; Vane, et al., 1983). Work 
with these sensors has beem directed largely at agriculture and mineral 
exploration, with little attention to forestry. 
Airborne Imaging Spectrometer (AIS) developed at the Jet Propulsion 
Laboratory, appears to have meaningful forestry applications. This sensor 
has 120 spectral bands, 9.6  nut wide, in the wavelength range from 1.2 to 
2.4 um (1,200 to 2,400 nm). 
Although both instruments have 
Sensors with high spectral resolution at these longer 
One of these sensors, the 
OBJECTIVES 
The primary objective of the work described in this report was to 
evaluate the AIS for forestry applications. 
first year of work were to begin answering two questions: 
Specific objectives for the 
1. To what extent can high spectral resolution, aircraft data in 
the 1.2 t o  2 .4  um spectral region improve the accuracy of 
identification of forest and wildland vegetation types? 
To what extent can high spectral resolution, aircraft data in 
the 1.2 to 2.4  urn spectral region’facilitate determination of 
plant vigor or plant stress in forest and wildland ecosystems? 
2. 
RAT I ONALE 
Reflectance from plan t  fo l iage  i s  l a r g e l y  cont ro l led  by p l a n t  pigments 
i n  the  s p e c t r a l  region between 0.4 and 0.7 um, by i n t e r n a l  l e a f  s t r u c t u r e  
between 0.75 and 1.0 um, and by f o l i a r  moisture content  between 1 . 2  and 2.L. 
um (Knipling, 1967; Olson, 1967; Rohde and Olson, 1971; Tucker, 1980). Any 
b io logic  o r  environmental f a c t o r  r e s u l t i n g  i n  a d i f f e rence  i n  t h e  amount o r  
na tu re  of pigments present  i n  the leaves ,  i n  t h e  amount of ce l l -wa l l / a i r  
i n t e r f a c e  i n s i d e  the  leaves ,  o r  i n  t h e  moisture content of t h e  leaves  can 
produce a change i n  r e f l ec t ance  of those leaves.  Many i n v e s t i g a t o r s  have 
i d e n t i f l e d  d i f f e rences  between species i n  response t o  var ious  b io log ica l  
and environmental f ac to r s .  Such d i f f e rences  i n  r e f l ec t ance  have been used 
t o  d i s t i n g u i s h  between p lan t  species  (Krinov, 1947; Olson and Good, 1962; 
Olson, e t  a l . ,  1964; Rohde and Olson, 1972; Rol le r  and Thompson, 1972). 
I n  t h e  s p e c t r a l  region recorded by t h e  120 channels of t h e  AIS, p lan t  
r e f l ec t ance  is  l a r g e l y  control led by t h e  amount of l i q u i d  water i n  the  
leaves  and morphologic changes in  s i z e  and arrangement of leaves and 
branches which a r e  associated with d i f f e r e n t  l e v e l s  of moisture 
a v a i l a b i l i t y  (Olson, 1977). As moisture content decreases ,  f o l i a r  
reflectance increases  (Figure 1). Rohde (1971) developed a regress ion  
equation r e l a t i n g  f o l i a r  re f lec tance  t o  moisture content of broadleaved 
t r e e  species .  This equation was based on labora tory  measurements i n  the  
1.0 t o  2.6 'um s p e c t r a l  region, and had a mul t ip le  co r re l a t ion  c o e f f i c i e n t  
of 0.93 with pooled da ta  f o r  three tree species .  
Working from Rohde and Olson's beginnings,  Rol le r  and Thompson (1972) 
used an e a r l y  mul t i spec t r a l  scanner t o  separa te  broadleaved trees from 
con i fe r s ,  and hea l thy  con i f e r s  from those in fec t ed  with Fomes annosus, an 
important root-rot  of con i f e r s ,  world-wide. Previous at tempts  t o  make 
s imilar  separa t ions  from color-infrared a e r i a l  photographs had m e t  wi th  
only p a r t i a l  success,  with best  r e s u l t s  when the  photographs were taken 
dur ing  the  spr ing  leaf-f lushing period (Mi l le r ,  1972; Fox, 1974). Rol le r  
and Thompson were successfu l  with a r a t io -ed i t i ng  processing of t h e i r  
a i rbo rne  mul t i spec t r a l  scanner data ,  developing t h e  d iscr imina t ion  matr ix  
shown i n  Figure 2. 
and 1.5 and 1.8 um. 
The key spec t r a l  bands were those between 1.0 and 1.4, 
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Figure 1. Changes in reflectance of a sycamore leaf at different 
oven-dry-weight moisture contents as it dried in air. 
(From: Olson, 1967) 
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Figure 2. Discriminant matrix for identifying diseased conifers based 
on level-slicing of merged and ratioed data from a multi- 
spectral scanner. (From: Roller and Thompson, 1972) 
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Responses of p l a n t s  t o  environmental f a c t o r s  o f t en  r e s u l t  from complex 
i n t e r a c t i o n s  of several physiologic and morphologic changes. 
work has  shown roo t  growth is inhib i ted  when p l a n t s  are grown i n  s o i l s  with 
high l e v e l s  of heavy metals (Turner, 1973; Wainwright and Woolhouse. 1975). 
Reduction i n  root  a c t i v i t y  is accompanied by a reduct ion i n  cy tokin in  
t ranspor t  from r o o t s  t o  leaves ,  a change which promotes l e a f  senescence 
(Skene, 1975). Leaves undergoing senescence l o s e  pigments, RNA, p r o t e i n s  
and l i p i d s ,  and become chloro t ic ;  and seve ra l  n u t r i e n t s  may be leached o r  
re- t ranslocated t o  branches. Leaf ch lo ros i s  is  o f t en  observed i n  
labora tory  t reatments  of p l an t s  with t o x i c  l e v e l s  of heavy metals 
(Schwaller, e t  a l . ,  1981). Abcisic ac id  (ABA) i s  one byproduct of t h e  
breakdown of carotenoid pigments i n  p l an t  leaves  (Burden and Taylor,  1976). 
The level of ABA i n  leaves is known t o  increase  i n  response t o  water 
def ic iency  (Wright and Hiron, 1969; L i n e  and Vaadia, 1972) and o the r  
condi t ions of physiologic  stress (Vaadia, 1976). ABA i s  a powerful 
a n t i t r a n s p i r a n t ,  and p l a n t s  t r ea t ed  with heavy metals have a lower 
t r a n s p i r a t i o n  ra te  (Bazzaz, e t  a l . ,  1974). When t r a n s p i r a t i o n  decreases ,  
water loss decreases  and f o l i a r  moisture content does not decrease as nuch 
as when leaves are a c t i v e l y  t ranspi r ing .  kiater stress may r e s u l t  from lack  
of water  uptake by t h e  p lan t  i n  the  absence of heavy metals.  
cases ,  severe stress leads  t o  wi l t i ng  of t he  fo l i age ,  a change i n  geometry 
which alters t h e  na tu re  of a t r ee  crown as a r e f l e c t o r .  Thus, both 
physiplogic  and morphologic changes may be present  a t  t h e  same t i m e .  
Sor t ing  out these  seve ra l  cont r ibu t ing  e f f e c t s  t o  an o v e r a l l  p l a n t  response 
d* be d i f f i c u l t  . 
Labcratory 
I n  such 
Some types of p lan t  stress r e s u l t  i n  t he  generation of var ious  
chemicals wi th in  the  p lan t .  Ethylene generat ion may he one response t o  
t reatment  with herb ic ides ,  and ethylene is  a l s o  produced as a precursor  t o  
flowering. When ethylene i s  produced with the  p l an t  under stress and many 
stomates c losed,  higher  than normal concentrat ions of e thylene  may 
accumulate wi th in  the  a i r  space of the  spongy mesophyll. 
i n f r a r e d  l i g h t  i n  t h e  1.0 t o  1.4 um s p e c t r a l  region occurs pr imar i ly  a t  t h e  
cell-wall/air i n t e r f a c e  i n  t h e  mesophyll (Willstlitter and S t o l l ,  1913). 
Ethylene has  several s t rong  absorption bands i n  t h i s  s p e c t r a l  region,  and 
accumulations of e thylene i n  the mesophyll a i r  space should r e s u l t  i n  a 
Reflectance of 
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decrease in foliar reflectance. 
narrow to be detected by broad-band sensors, such as the Landsat MSS or l". 
Until the development of sensors with high spectral resolution, it was 
Ethylene absorption bands may be too 
not possible to fully exploit what is known about responses of plants to 
stress. The Collins' Airborne Spectroradiometer (Collins, 1978; Chiu and 
Collins, 1978) and the Jet Propulsion Laboratory Airborne Imaging 
Spectrometer (Vane, et al., 1983) provide data with greater spectral 
resolution (narrower spectral bands) than sensors previously available. 
The Collins instrument has a 2 nanometer band width and records between 0.4 
and 1.0 um, and between 1.4 and 2.4 um. It is a non-imaging system 
providing a series of spectra for the line-trace beneath the aircraft. The 
AIS has a band width of 9.6 nanometers in 120 spectral channels within the 
spectral region between 1.2 and 2.4 um. Images may be produced in all 120 
channels, If desired. 
THE STUDY SITES 
The work plan was designed to provide replicated and calibrated forest 
plots with different species and levels of moisture stress. Plots were 
established at two locations, the Sleeping Bear Dunes Test Site in northern 
lower Michigan, and at Saginaw Forest near Ann Arbor, Michigan. 
locations are sites of continuing remote sensing research being conducted 
from The University of Michigan, School of Natural Resources, Remote 
Both 
Sensing Laboratory. 
The Sleeping Bear Dunes Test Site 
The Sleeping Bear Dunes Test Site is located along the Lake Michigan 
shore in the northwestern quarter of Michigan's lower peninsula (Figure 3), 
including all of Benzie, Leelanau and Grand Traverse Counties. Within this 
nearly 900 square mile area, most complete documentation is centered in a 9 
x 7 mile area surrounding Glen Lake and the Sleeping Bear Sand Dunes, in 
Leelanau County. 
Terrain is generally flat to gently rolling. The area was extensively 
glaciated and areas of ground moraine, outwash plain, river channel, kettle 
holes, drumlins and sand dunes are present. Numerous lakes and wetlands 
are scattered across the site. Vegetation cover includes both broadleaved 
and coniferous forests; active agriculture with pasture, small grains, and 
-5- 
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' I '  , 
orchards;  abandoned f i e l d s  at  var ious s t a g e s  of success ion  t o  f o r e s t ;  and 
ba re  dunes and g rave l  excavations. 
t h e  test  s i te ,  I s  t h e  l a r g e s t  urban area, but  s e v e r a l  small towns and 
v i l l a g e s  are a l s o  present .  
Traverse C i ty ,  I n  t h e  sou theas t  p a r t  of 
The s i te  inc ludes  p a r t  of t h e  Niagara Reef, a 
t r end  of c o r a l  p innac les  some 4,000 f e e t  below t h e  s u r f a c e  wi th  s i g n i f i c a n t  
o i l  accumulations. 
Several  sets of v e r t i c a l  a e r i a l  photographs a r e  a v a i l a b l e ,  t h e  
earliest taken in 1938. 
1:24,000 on co lor - inf ra red  f i l m  is a v a i l a b l e  f o r  t h e  summer of 1978, and 
Complete coverage of t h e  tes t  s i t e  a t  a s c a l e  of 
' f  
Figure  3. Location of t h e  Sleeping Bear Dunes Test S i t e  (expanded 
a rea )  in t he  northwestern p a r t  of Michigan's lower peninsula ,  
and t h e  Saginaw Forest  Test S i t e  in southeas te rn  lower Michigan. 
leaf-off photographs were obtained under t h e  National High A l t i t u d e  Photo 
Program (NHAP) i n  t h e  sp r ing  of 1983. The NHAP photographs were a l s o  
obtained on co lor - inf ra red  f i lm ,  a t  a scale of 1:58,000. 
The s i t e  is  completely contained wi th in  Landsat MSS scenes f o r  Path 
024 Row 029, and i n  Landsat TM scenes f o r  Path 022 Row 029. Exce l len t  MSS 
d a t a  are a v a i l a b l e  f o r  May 5, 1973 and June 3, 1976, and TM d a t a  f o r  
October 18, 1982. Excellent MSS and TM d a t a  were cbta ined  from Landsat-5 
on"Ju1y 11, 1984. Usable d a t a  may a l s o  e x i s t  f o r  o t h e r  d a t e s ,  even though 
not c u r r e n t l y  held by t h e  School of Natura l  Resources Remote Sensing 
Laboratory. 
Map coverage of t h e  test  s i te  i s  a v a i l a b l e  on U.S. Geological Survey 
15' Quadrangles: 
coverage of a l l  of Leelanau County. 
manuscript form wi th  pre-edit ing f i e l d  shee t s  ava i l ab le .  
a l s o  a v a i l a b l e  f o r  each of t h e  7.5' Quadrangle a reas  a t  a scale of 
1 : 24,000. 
Empire, Maple City,  Northport, and Traverse Ci ty  provide 
The new 7 .5 '  Quadrangles are i n  f i n a l  
Orthophotos are 
The 9 x 7 m i l e  i n t ens ive  study area inc ludes  the  Crys t a l  River on t h e  
no r th  and Gi lbe r t  Lake on t h e  south, two landmarks used t o  i d e n t i f y  t h e  
a r e a  from t h e  a i r  and i n  aerial  photographs. 
through t h e  campus of The Leelanau Center for Educ'ation, and t h e  Center 
owns an eighty-acre s i te  a t  Gi lber t  Lake. 
l o c a t i o n s  are important f i e l d  loca t ions  f o r  o the r  remote sensing work. The 
Gilbert Lake p a r c e l  has  both broadleaved and coni fe rous  f o r e s t  s t ands  which 
can be manipulated t o  c r e a t e  varying condi t ions  i n  d i f f e r e n t  p l o t s .  
F i e ld  opera t ions  a t  t h e  Sleeping Bear Dunes T e s t  S i t e  are 
The Crys t a l  River flows 
Both of t hese  con t ro l l ed  
headquartered a t  The Leelanau Center f o r  Education, approximately two m i l e s  
no r theas t  of Glen Arbor. This cooperative arrangement makes labora tory  
f a c i l i t i e s  a v a i l a b l e  wi th in  t h e  test  s i t e ,  reducing t h e  need t o  t r anspor t  
equipment o r  samples between Sleeping Bear and Ann Arbor. 
The Saginaw Forest  T e s t  S i t e  
Saginaw Fores t  i s  an 80-acre p a r c e l  g;lven t o  t h e  Univers i ty  of 
Michigan i n  1903. 
'as a tes t  area t o  determine what spec ie s  of trees could be used t o  r e f o r e s t  
abandoned farms i n  Michigan. By 1920, most of t h e  area had been p lan ted  t o  
broadleaved o r  coniferous trees. 
The donor spec i f ied  i t  be named Saginaw Fores t  and used 
Today, t h e  s i t e  provides a v a r i e t y  of 
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spec ies ,  i n  pure s t ands ,  i n  a concentrated area. Stand records  and s o i l  
da t a  are more complete and de ta i l ed  a t  Saginaw Fores t  than  a t  Sleeping 
Bear. 
Saginaw Forest  w a s  one of the t a r g e t  areas f o r  many of t h e  f l i g h t  
tests with mul t i spec t r a l  scanners conducted from t h e  Willow Run 
Laborator ies  of The u n i v e r s i t y  of Michigan from 1960 through 1972. 
t he  e a r l y  imagery f o r  t h i s  s i t e  is now i n  t h e  custody of t h e  School of 
Natural  Resources Remote Sensing Laboratory. 
photographs are a v a i l a b l e  f o r  t h i s  s i t e  on several dates,  beginning i n  
1940. Color-infrared aerial  photographs are ava i l ab le  from Ju ly  1974 a t  a 
s c a l e  of 1:8,000; from June 1978 a t  a s c a l e  of 1:24,000; and from May 1983 
a t  a s c a l e  of 1:58,0@0. Landsat MSS and TM coverage i s  a l s o  ava i l ab le  f o r  
several dates .  
Kuch of 
Conventional aer ia l  
The U.S..Geological Survey Ann Arbor West 7.5' Quadrangle provides 
The earlier 15' quadrangle was produced i n  good map coverage of t h e  site. 
t h e  e a r l y  1900s may be of h i s t o r i c a l  i n t e r e s t .  
F ie ld  opera t ions  a t  the  Saginaw Forest  Test  S i t e  are headquartered i n  
t h e  Remote Sensing Laboratory on The Universi ty  of Michigan Central  Campus 
i n  Ann Arbor, f i v e  miles away. 
METHODS 
F ie ld  p l o t s  were establ ished i n  f i v e  s tands ,  two near  G i lbe r t  Lake i n  
t h e  Sleeping Bear Dunes Test S i t e ,  and t h r e e  a t  Saginaw Forest  near Ann 
Arbor. 
inches deep o u t l i n i n g  a roughly rectangular  a r ea  approximately 50 x 80 f e e t  
i n  s i z e .  Each p l o t  w a s  somewhat i r r e g u l a r  i n  s i z e  and shape due t o  t h e  
need t o  avoid l a r g e  trees when digging the  trench. Trenched p l o t s  were 
covered with a nea r ly  clear p l a s t i c  material, sea led  around the  bole  of 
each tree wi th in  t h e  p lo t .  
l i n e r  i n  the  t rench  before  the trench w a s  f i l l e d  with d i r t ,  o r  extended 
w e l l  beyond the  t rench t o  prevent p r e c i p i t a t i o n  blowing i n t o  t h e  p l o t  under 
t h e  edge of t h e  cover. 
s lope  and the  cover l a i d  on t h e  ground. 
n e a r l y  l e v e l  ground and i t  was necessary t o  provide a peak near  t he  cen te r  
of t h e  cover t o  prevent co l l ec t ion  of water on the  cover. 
P l o t s  were e s t ab l i shed  i n  each s tand by digging a t rench 20 t o  24 
The c l e a r  p l a s t i c  cover w a s  continued a s  a 
One p lo t  a t  G i lbe r t  Lake w a s  loca ted  on a gen t l e  
A l l  o the r  p l o t s  were located on 
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ORIGINAL PAGE IS 
OF POOR QUALITY 
A. Nearing completion of t h e  p l a s t i c  cover on t h e  p l o t  
i n  t h e  red p ine  p lan ta t ion  on J u l y  15, 1983. 
B. F ina l  s t a g e s  of e rec t ing  t h e  p l a s t i c  cover over t h e  
sugar maple p l o t  on July 27, 1983. This cover was 
e leva ted  to minimize understory d is turbance .  
Figure 4 .  V i e w s  of t h e  p l a s t i c  covers used t o  prevent r a i n  water from 
reaching t h e  s o i l  i n  two test p l o t s  a t  t he  G i l b e r t  Lake T e s t  
S i t e  i n  July-August 1983. 
-10- 
Experience showed i t  necessary t o  r a i s e  t h e  peak of t h e  cover 
approximately 12 f e e t  above t h e  ground t o  in su re  proper drainage o f f  t h e  
cover. 
frame f o r  the  cover imprac t ica l ,  Ins tead ,  t he  cover was supported on 
1/4-inch c l o t h e s l i n e  t i e d  t o  the trees a t  appropr ia te  he ights .  
Approximately 2,400 f e e t  of t h i s  l i n e  were needed t o  support  t h e  cover on 
each p lo t .  The p l a s t i c  material used i n  t h e  covers w a s  obtained i n  r o l l s  
16 f e e t  wide and 100 f e e t  long. 
i n  t h e  p l o t  and a l l  seams taped with 3-M brand s t rapping  tape ,  2-inches 
wide. 
These c o l l a r s  were taped t o  t h e  tree, and t o  t h e  cover j u s t  below the  
c o l l a r ,  with t h e  same type of s t rapping tape.  The upper edge of each 
c o l l a r  was a l s o  f i l l e d  wi th  caulking compound t o  in su re  a water- t ight  seal 
with t h e  tree bole ,  desp i t e  i r r egu la r  bark sur faces .  
approximately s i x  r o l l s  of t h e  p l a s t i c  ma te r i a l ,  wi th  a weight of near ly  
160 pounds (Figure 4). 
A t  t h i s  he igh t ,  trees sway enough i n  high winds t o  make a r i g i d  
The r o l l s  were c u t  t o  f i t  around each tree 
Co l l a r s  were made out of sc raps  and f i t t e d  around each tree bole.  
Each cover required 
The purpose of t h e  covers  was t o  prevent p r e c i p i t a t i o n  from reaching 
t h e  soil and r o o t s  wi th in  t h e  p lo t ,  thereby developing abnormally high 
levels of moisture  stress i n  the trees wi th in  the  p l o t .  
water  a similar s ized  p l o t  i n  each s tand t o  provide a con t ro l  with l i t t l e  
moisture stress. 
the 1983 growing season t o  make i r r i g a t i o n  unnecessary a t  e i t h e r  s i t e .  
Plans w e r e  made t o  
P r e c i p i t a t i o n  was s u f f i c i e n t l y  w e l l  d i s t r i b u t e d  during 
P l o t s  were completed i n  stands of sugar maple (Acer s a c c h a m ,  
Marsh.), red oak (Quercus rubra, L.), and Scots  pine (Pinus s y l v e s t r h ,  
L.) a t  Saginaw Forest  by July 9, 1983. A red p ine  (Pinus resinosa, Ait.) 
p l o t  w a s  f in i shed  a t  G i lbe r t  Lake on Ju ly  15th,  and a sugar maple p lo t  w a s  
f i n i shed  near ly  two weeks later,  on Ju ly  28th. Several  r a i n s  occurred 
during t h i s  two-week per iod,  delaying work on the  maple p l o t  and showing 
need f o r  s t rengthening the  cover over t he  red pine p l o t .  
accompanied by s t rong  winds, a lso occurred at Saginaw Fores t  where f a l l i n g  
limbs punched holes  i n  the  p l a s t i c  covers oyer a l l  t h r e e  p lo t s .  The covers 
were repa i red ,  t o  t h e  ex ten t  possible ,  on Ju ly  29 and 30. Su f f i c i en t  water 
had reached the  s o i l  i n  a l l  three p l o t s  t o  e f f e c t i v e l y  e l imina te  t h e  
developing d i f f e rence  i n  moisture stress between these  p l o t s  and the  
surrounding stands.  
. 
Heavy r a i n s ,  
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Eeasurement of Moisture Stress 
I n t e r n a l  xylem tens ion  w a s  used as the  measure of moisture  tens ion  i n  
the trees. Xylem tens ion  w a s  measured i n  a pressure  ce l l  a f t e r  t h e  method 
of Scholander, e t  a l .  (1965), based on a technique f i r s t  repor ted  by Dixon 
(1914). I n  t h i s  method t h e  t w i g  end of a f r e s h l y  c u t  f o l i a g e  sample is  
inse r t ed  through a rubber "0" r ing f i t t e d  t o  t h e  top  s i d e  of a pressure  
chamber. The proximal end of the twig i s  exposed t o  atmospheric pressure  
while t h e  f o l i a g e  is  placed inside a hollow cy l inde r  and t h e  two p a r t s  
screwed t i g h t l y  together .  
cy l inder  u n t i l  f r e e  water begins t o  exude from the  c u t  end of t h e  twig o r  
leaf  p e t i o l e  (observed wi th  a lox hand l ens ) .  
fo rce  water out of t h e  c u t  end of t h e  twig o r  p e t i o l e  i s  considered t o  be 
the  same as, although oppos i te  in  s i g n  t o ,  t he  nega t ive  hydros t a t i c  
pressure ,  o r  l e a f  water tension,  e x i s t i n g  i n  t h e  p l an t  a t  t h e  t i m e  t he  
sample w a s  cu t .  Measurements were made f o r  samples from two o r  more t r e e s  
i n  each p l o t ,  and two or more t r ees  i n  each surrounding s tand ,  every second 
day. As t h e  d a t e  of the  over f l igh t  approached, tens ion  measurements were 
made da i ly .  
I n e r t  n i t rogen  gas i s  slowly introduced i n t o  t h e  
The pressure  required t o  
Reflectance Measurements 
Fol iage samples were col lected from th ree  t r e e s  i n  each p l o t ;  and 
t h r e e  trees i n  each surrounding s tand,  and taken t o  t h e  labora tory  where 
s p e c t r a l  r e f l ec t ance  measurements were made f o r  t he  upper su r face  of p o  
leaves from each tree wi th  a Beckman DK-2A spectrophotometer. 
da t a  were co l l ec t ed  f o r  t h e  s p e c t r a l  range from 500 t o  2,600 n a n d t e r s  
using a lead-sulf ide de t ec to r  and barium s u l f a t e  as t h e  reference standard.  
I n  add i t ion  t o  measurements made several days before  t h e  o v e r f l i g h t ,  
samples were co l l ec t ed  on the  day of each o v e r f l i g h t  and measurements made 
represent ing  condi t ions as c lose  as poss ib le  t o  t h e  exact  time of the  
ove r f l i gh t .  
Reflectance 
, .  
The spectrophotometer was i n s t a l l e d  i n  the  labora tory  a t  The Leelanau 
Center for Education. 
t o  the  labora tory  i n  zip-loc bags placed in s ide  Styrofoam ches ts .  
co l l ec t ed  a t  Saginaw Forest  were handled s i m i l a r l y ,  but with a l a y e r  of dry 
ice covered by a l aye r  of newspaper i n  the  bottom of t h e  chests .  
Samples col lected a t  G i lbe r t  Lake were t ransported 
Samples 
Previous 
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experience had shown t h i s  procedure permitted s t o r i n g  samples f o r  up t o  48 
hours without a l t e r i n g  f o l i a r  r e f l ec t ance  p rope r t i e s .  
Measurements of F o l i a r  Moisture Content 
Foliage samples were col lec ted  from both t h e  maple and p ine  p l o t s  and 
surrounding s tands  on August 6, and 8,  1983. These samples were weighed, 
d r i e d  i n  a 95'F oven, reweighed, and the oven-dry-moisture content of t h e  
leaves ca lcu la ted .  
Support of Overf l igh ts  
F l i g h t  l i n e s  were planned to provide r e a d i l y  i d e n t i f i a b l e  ground check 
p o i n t s  t o  assist t h e  air  crew in l o c a t i n g  t h e  c o r r e c t  f l i g h t  l i n e s  over t h e  
p l o t s .  
material (appearing b r i g h t  white from t h e  air) were placed i n  open areas t o  
provide "arrows" po in t ing  t o  p lo t  l oca t ions .  
on t h e  morning of August 7th,  the day of t h e  o v e r f l i g h t  by t h e  NASA C-130 
ca r ry ing  t h e  AIS. P l o t  marker s t r i p s  were checked and r e loca ted  on August 
9 th ,  t h e  day of t h e  o v e r f l i g h t  with t h e  Co l l in s  Airborne Spectroradiometer 
(CAS) , 
On t h e  day of each ove r f l i gh t ,  s t r i p s  of t h e  clear p l a s t i c  cover 
The p l o t  covers were removed 
A i r c r a f t  Sensor Packages 
The AIS w a s  c a r r i e d  by a NASA C-130 from Moffett  F i e l d ,  CA. The C-130 
a l s o  c a r r i e d  a Thematic Mapper Simulator (NS-001), a 9x9 aerial camera wi th  
color-Infrared f i lm ,  and a 35-mm Nikon camera wi th  black-and-white 
panchromatic fi lm. 
axes v e r t i c a l .  
A l l  of these  sensors  were mounted wi th  t h e i r  o p t i c a l  
The Co l l in s  a i r c r a f t  wi th  the Co l l in s  Airborne Spectroradiometer a l s o  
c a r r i e d  a 35-mm Nikon camera, bore s igh ted  wi th  t h e  spectroradiometer.  
This  camera provided an image record of t h e  f l i g h t  t r a c k  of t h e  a i r c r a f t ,  
and w a s  used t o  determine ground l o c a t i o n s  of t h e  s p e c t r a  recorded. 
Analysis of t h e  A I S  Data 
AIS d a t a  c o l l e c t e d  over the Sleeping Bear Dunes T e s t  S i t e  were 
analyzed a t  t h e  Jet Propulsion Laboratory (JPL), Pasadena, Ca l i fo rn ia ,  i n  
February 1984. Additional workwas done wi th  these  d a t a  a t  JPL i n  Apr i l  
and J u l y  1984. Based on t h e  351mn Nikon photographs from t h e  Nikon camera 
bore-sighted wi th  the  AIS, only Run 106 provided AIS d a t a  of both s t r e s s e d  
p l o t s  at  t h e . G i l b e r t  Lake s i te ,  This run  w a s  made wi th  t h e  AIS i n  
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g r a t i n g  p o s i t i o n  zero  (GPOS-0) and d a t a  a n a l y s i s  was l a r g e l y  confined t o  
t h e  wavelength reg ion  between 1.0 and 1.6 um. 
P l o t  l oca t ions  were marked on aerial photographs on t h e  b a s i s  of f i e l d  
measurements. 
i n t e r s e c t i o n  and r e s e c t i o n  from landmarks v i s i b l e  i n  both t h e  aerial 
photographs and t h e  AIS image s t r i p s .  
conta in ing  p l o t  d a t a  were determined by counting scan l i n e s  i n  t h e  AIS 
images from t h e  f i r s t  l ine  of Run 106. 
information were determined by superimposing a sca l ed ,  t r anspa ren t  g r i d  
over t h e  A I S  images and reading the  p i x e l  number i n  t h e  scan l i n e  from t h e  
g r id .  
P l o t  l oca t ions  were t r a n s f e r r e d  t o  t h e  AIS image s t r i p s  by 
The s p e c i f i c  AIS scan l i n e s  
The s p e c i f i c  p i x e l s  conta in ing  p l o t  
Spec t r a l  curves were p lo t ted  from t h e  AIS d a t a  wi th  t h e  JPL VICAR 
software. 
were compared wi th  t h e  re f lec tance  curves obtained wi th  t h e  Beckman DK2A 
spectrophotometer on August 7, 1983, t h e  day t h e  AIS d a t a  were acquired. 
Curves were prepared f o r  each p l o t  and s tand  background. These 
Analysis of Data from t h e  Collins Airborne Spectroradiometer 
Due t o  a communication error, d a t a  from t h e  CAS were not  received 
u n t i l  l a t e  June 1984. 
1984 and focused on determination of tree spec ies .  
f o r  August 9 th  were chosen as a s t a r t i n g  poin t  because most of t h e  s tands  
a t  t h a t  s i t e  are p l a n t a t i o n s  containing only a s i n g l e  tree spec ies .  
Analyses of t hese  d a t a  were begun i n  t h e  F a l l  of 
The Saginaw Forest  d a t a  
Data were ex t r ac t ed  f o r  e i g h t  f o r e s t  types and a l a k e  wi th in  t h e  
A d e t a i l e d  d e s c r i p t i o n  of t h i s  work w a s  f o r e s t  boundaries (Table 1). 
prepared by Zhu (1984). 
Univers i ty  of Michigan, Zhu compared spec ies  i d e n t i f i c a t i o n  accurac ies  f o r  
d i f f e r e n t  s p e c t r a l  bands and band combinations. P a r t i c u l a r  a t t e n t i o n  w a s  
given t o  t h e  s p e c t r a l  bands of t h e  Landsat TM sensor by comparing r e s u l t s  
obtained wi th  sums of d a t a  f o r  severa l  Band Groups (Table 2). 
t ransformat ions  included both Pr inc ipa l  Components Analysis and t h e  Linear 
Discriminant Function. 
s p e c t r a  i n t o  spec ies  groups on t h e  b a s i s  of s i n g l e  s p e c t r a l  bands and Band 
Groups f o r  both r a w  and transformed da ta .  
Using t h e  MIDAS s t a t i s t i ca l  package a t  t h e  
Data 
The MIDAS c l u s t e r i n g  algorithm w a s  used t o  group 
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Table 1. Number of spectra extracted for each of nine ground cover types 
at the Saginaw Forest Test Site. 
i 
Cover Type Scientific Names Number of Spectra 1 
I 
Red Oak Quercus rubra L. 19 I 
i 13 American Elm and UZms americanu L. Red Maple Acer rubmun L. 
Black Walnut JugZans nigra L. 13 
Cottonwood PopuZus deZtoides Marsh. 3 
Hickory Carya SPP. 4 " 
Ponderosa Pine Pinus ponderosa Laws. . 13, 
Norway Spruce Picea abies (L. ) Karst. 15 
Scots Pine Pinus syZvestris L. 11 
Third Sister Lake 14 
All spectra were extracted from data collected on August 9, 1983, with 
the Collins Airborne Spectroradiometer. 1 
Table 2. Spectral ranges of the Band Groups used in the data analyses 
and their equivalent Thematic Mapper channels. 
1 Band Group I- No. 'of Bands 
I Spectral Range (nm) 
450 - 520 
520 - 600 
630 - 690 
760 - 960 
1550 - 1750 
2080 - 2350 
Equivalent TM Channel 
j The number of bands is the number of individual data points (wavelengths) 
! from the Collins Airborne Spectroradiometer records used to represent the 1 spectral range of each of the six reflective channels of the Landsat TM 
1 sensor. 
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RESULTS 
Damage t o  t h e  p l o t  c w e r s  at Saginaw Fores t  allowed p r e c i p i t a t i o n  t o  
reach t h e  s o i l  w i t h i n  t h e  p l o t s ,  e s s e n t i a l l y  e l imina t ing  d i f f e r e n c e s  in 
mois ture  stress between t h e  trees i n  t h e  p l o t s  and those  i n  t h e  surrounding 
s tands.  This, p l u s  heavy cloud cover on August 7 th  prevent ing AIS d a t a  
a c q u i s i t i o n  of t h e  Saginaw Forest  p l o t s ,  r e s u l t e d  i n  concent ra t ion  of 
e f f o r t  on d a t a  from t h e  Gi lbe r t  Lake s i te .  
I n d i c a t o r s  of moisture  stress i n  t h e  G i l b e r t  Lake p l o t s  are summarized 
Moisture tens ions  a re  shown i n  pounds pe r  square inch,  .and t h e  In  Table 3. 
d i f f e r e n c e  between a p l o t  and i t s  background is shown i n  b a r s  (one b a r  is 
equ iva len t  t o  14.7 p s i ) .  
trees i n  t h e  maple p l o t  from August 6 t o  August 7 w a s  t h e  r e s u l t  of seve re  
roo t  pruning of t h e  trees in t h e  maple p l o t  on t h e  a f te rnoon of August 6. 
A l l  r o o t s  in t h e  upper ten inches of so i l ,  f o r  approximately 100' around 
each tree, were c u t  about f i v e  f e e t  back from t h e  base of t h e  tree. This  
action w a s  taken t o  inc rease  t h e  level of stress i n  t h e  trees i n  t h e  p l o t  
i n  p repa ra t ion  f o r  t h e  ove r f l i gh t  expected on August 7 th  or 8th.  
The la rge  inc rease  i n  t h e  moisture  tens ion  of t h e  
8-5-83 
1600 
* Table 3. Ind ica to r s  of moisture stress i n  t h e  pine and maple p l o t s  . 
a t  t h e  Gi lbe r t  Lake Test S i t e  i n  August 1983. 
8-6-83 8-7-83 8-8-83 8-12-83* 
0900 1400 1300 oaoo 
Moisture Stress Ind ica to r  
and 
Cover Type 
50 
87 
152 
290 
2.5 
9.4 
~ 
Moisture Tension 
(from Scholander Cell) 
Maple - Control 
Maple - Stressed  
Pine  - Control 
P ine  - Stressed  
Difference ( i n  ba r s )  
Difference ( i n  ba r s )  
80 
99 
88 
230 
3.3 
9.6 
F o l i a r  Moisture Content 
&p le  - Control 
Maple - Stressed  
P i n e  - Control 
P ine  - Stressed  
102 
215 
165 + 
300+ 
7.7 
9.2 
Date and Time of Sample Col lec t ion  
20 
49 
167 90 
300+ 111 
2.0 
9.1 1.4 
psi I psi psi I psi I psi 
-- as a percentage of oven-dry-weight -- 
170 168 
155 15 3 
106 102 
68 57 
* Heavy r a i n s  occurred on August 10 and 11, 1983 
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The sharp drop i n  moisture tens ion  f o r  a l l  trees following heavy r a i n s  
on August 10th and l l t h ,  indicated by t h e  d a t a  f o r  August 12 th ,  i n d i c a t e  
both t h e  success of t h e  treatments i n  producing h igher  than "normal" levels 
of moisture stress, and t h e  e f f e c t  of t h e  r a i n s  i n  reducing moisture stress 
i n  t h e  c o n t r o l  trees which had not been covered. 
Due t o  t h e  d i f f e r e n c e  i n  time of day a t  which t h e  moisture tens ion  
d a t a  were c o l l e c t e d ,  care must be taken i n  t h e i r  i n t e r p r e t a t i o n .  
stress tends t o  peak each day a t  about 1400 hours (2 p.m.). Thus, only t h e  
d a t a  f o r  August 7 th  and 8 t h  represent t i m e s  when moisture t ens ion  should be 
a t ,  o r  c l o s e  t o  t h e  maximum f o r  the  day. 
Moisture 
Although not  as dramatic as t h e  moisture t ens ion  d i f f e r e n c e s ,  t h e  
f o l i a r  moisture content d a t a  also reveal some increase  i n  moisture stress 
i n  trees wi th in  t h e  covered p lo ts .  
and c o n t r o l  trees i n  p i n e  corresponds wi th  t h e  moisture tens ion  data.  
The g r e a t e r  d i f f e rence  between s t r e s s e d  
Stand t a b l e s  summarizing the s ize-c lass  d i s t r i b u t i o n  of trees i n  t h e  
two p l o t s  a t  G i l b e r t  Lake are provided i n  Tables 4 and 5. 
p l o t  w a s  e s t ab l i shed  i n  a na tu ra l  f o r e s t  stand. 
e s t ab l i shed  i n  a 30 year  o ld  p l an ta t ion  with an o r i g i n a l  spacing of 
approximately 6 x 8 f t .  
l e v e l s ,  i nd ica t ed  by t h e  b a s a l  areas of 99.8 ft2 
s tand  and 155.8 f t 2  
c a l l e d  "normal" f o r  t h e  area. 
should, however, r e s u l t  i n  g rea t e r  water l o s e  and con t r ibu te  t o  t h e  h igh  
levels of stress observed i n  pine than i n  maple. 
The sugar maple 
The red p ine  p l o t  w a s  
Both stands are on well-drained sites. Stocking 
pe r  acre i n  t h e  maple 
pe r  acre i n  pine,  are wi th in  the  range of what is 
The higher  s tocking  i n  t h e  p ine  s tand  
Also, t h e  p ine  p l o t  had 
been covered f o r  a longer period than t h e  maple p l o t  and t h i s  would a l s o  
con t r ibu te  t o  t h e  h igher  l e v e l s  of moisture stress observed i n  pine. 
Reflectance Measurements 
Laboratory r e f l e c t a n c e  measurements made with f o l i a g e  co l l ec t ed  a t  t h e  
G i l b e r t  Lake s i te  on August 7, 1983 showed t h e  s t r e s s e d  maple trees t o  be 
less r e f l e c t i v e  than t h e  con t ro l  maple trees a t  wavelengths from 1000 t o  
1300 nm, but more r e f l e c t i v e  than t h e i r  c o n t r o l s  between 1300 and 1600 nm 
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Table 4. Stand t a b l e  f o r  t h e  s t r e s s e d  p l o t  i n  t h e  Sugar Maple s t and  a t  
G i l b e r t  Lake, Leelanau County, MI, as of August 17, 1983.. 
E Number of  Trees DBH ( 8  
Sugar Tota l  fi le 
0.5- 2.9 6 5 1 12 0.102 
3.0- 5.9 1 1 0.171 
6.0- 9.9 2 2 0.730 
10.0-13.9 '4 1 5 3.213 
14.0-17.9 3 3 2.540 
18.0 + 2 2 3.920 
Tota l  18 1 5 1 25 10.676 
Sugar White Iron- 
. (inches) Maple Ash wood Cherry 
P e r  Acre 155 9 43 9 216 92.2 
f Trees 
Cherry Total  
9 
1 11 
1 38 
50 
29 
2 
2 j 139 
a s a l  Area 
I 1 Basal Area (square f e e t )  
Red Other . Tota l  Pine 
0.275 0.029 
0.604 0.142 
4.106 0.218 4.324 
8.141 8.141 
6.426 6.426 
0.566 0.566 
20.118 I 0.389 20.507 
Oo304 I 
0=746 I 
0.100 
0.785 
0.5-2.9 I 8 
3.0-3.9 I 9 I 
4.0-4.9 1 36 ' 50 :I:; I 29 
7 .O-7.9 2 
0.202 j 
1 
1 
1 
0.171 
0.730 
3.998 
2.540 
3.920 
7.6 I 99.8 ---I , 
Table 5 .  Stand t a b l e  f o r  t h e  s t r e s sed  p l o t  i n  t h e  Red Pine p l a n t a t i o n  
a t  G i l b e r t  Lake, Leelanau County, M I ,  as o f  September 3, 1983. 
I 1 
Number 
I I P e r  Acre i 1018 I 23 15 1 1056 I 152.9 I 2.9 I 155.8 1 
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(Figure 5). 
p ine  at  wavelengths from 1000 t o  1300 nm. 
r e f l e c t a n c e  curves f o r  p ine  do not  c r o s s  around 1300 nm, but continue t o  
approach each o t h e r  and then begin t o  s e p a r a t e  a t  wavelengths longer than 
1500 nm with t h e  s t r e s s e d  fo l i age  remaining somewhat less r e f l e c t i v e  than 
i t s  c o n t r o l s  (Figure 6 ) .  
wavelength i n  p ine ,  bu t  does w i t h  maple. 
and relative d i f f e rences  i n  r e f l ec t ance  between s t r e s s e d  and c o n t r o l  maple 
trees w e r e  observed a t  wavelengths between 2000 and 2400 nm (Figure 7). 
The s t r e s s e d  p ine  were a l s o  less r e f l e c t i v e  than t h e  c o n t r o l  
Unlike the  maple, t h e  two 
This  d i f f e rence  does not  fnc rease  with inc reas ing  
I n  f a c t ,  t h e  g r e a t e s t  abso lu t e  
Analysis of AIS Data 
Locations of t h e  AIS coverage f o r  t h e  s e v e r a l  a i r c r a f t  runs a t  t h e  
Sleeping Bear Dunes Test S i t e  on August 7, 1983, are included i n  Appendix 
I. 
Lake. 
maple p lo t .  
Only Run 106 provides d a t a  f o r  both of t h e  s t r e s s e d  p l o t s  a t  Gi lbe r t  
Run 108 provides coverage of t h e  red p ine  p l o t ,  bu t  not t h e  sugar 
S p e c t r a l  curves p l o t t e d  from t h e  AIS d a t a  from Run 106 a r e  shown i n  
F igures  8 and 9,  f o r  t h e  sugar  maple and red p ine  p l o t s  respec t ive ly .  
curves f o r  maple show lower r e f l ec t ance  by t h e  s t r e s s e d  p l o t  than by t h e  
s tand  background from AIS Channel 1 through AIS Channel 15, but  h igher  
r e f l e c t a n c e  from AIS Channel 18 through A I S  Channel 24. These i n t e r v a l s  
correspond t o  t h e  s p e c t r a l  bands from 1145 t o  1295 nm and from 1315 t o  1385 
nm. The d i f f e re6ces  recorded by t h e  A I S ,  and t h e  "cross-over" nea r  1300 
nm, are q u i t e  
measurements (Figure 5). 
The 
imilar t o  t h e  r e s u l t s  of t h e  labora tory  r e f l e c t a n c e  2 
The curves p lo t t ed  from t h e  AIS d a t a  f o r  red p ine  show t h e  s t r e s s e d  
p l o t  t o  be less r e f l e c t i v e  than the  s tand  background from AIS Channel 5 
through AIS Channel 24 (1185 t o  1385 nm). These r e s u l t s  are similar t o  
those  obtained with l abora to ry  measurements (Figure 6 ) .  
Run 117 provided AIS d a t a  crossing several meanders of t h e  Crys t a l  
River. 
several abandoned r i v e r  channels. Both present  and former channels were 
confined between beach r idges  formed during g l a c i a l  retreat, some 13,000 
y e a r s  ago. 
of Lake Michigan. 
i n  an  a l t e r n a t i n g  series of upland, t r a n s i t i o n ,  and lowland types. 
I n  add i t ion  t o  present  r i v e r  meanders, t h e  area a l s o  inc ludes  
These r idges  are nearly concent r ic  wi th  t h e  present sho re l ine  
Although only two .to f i v e  f e e t  h igh ,  t h e  r idges  r e s u l t  
-18- 
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Figure 7 .  Histograms of  reflectance from leaves from control and stressed 
[plot]  sugar maple trees at the Gilbert Lake T e s t  S i t e ,  August 7 ,  
1983. 
are a t  the longer wavelengths: 2000, 2200, and 2400 nanometers. 
The greatest absolute and re lat ive  differences observed 
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Figure 8. Brightness [DN] recorded in 32 channels of the Airborne Imaging 
Spectrometer for a stressed maple plot and the surrounding stand 
as a control. Data taken from the August 7, 1983, overflight of 
the Gilbert Lake Test Site. 
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Figure 9. Brightness [DN] recorded in 32 channels of the Airborne Imaging 
Spectrometer for a stressed red pine plot and the surrounding 
stand as a control. Data taken from the August 7, 1983, over- 
flight of the Gilbert Lake Test Site. 
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A l i n e a r  enhancement of AIS Channels 2 through 17 from Run 117 produced 
d e t e c t a b l e  d i f f e r e n c e s  i n  a p a t t e r n  similar t o  t h e  known p a t t e r n  of r i d g e s  
and low channels. Within t h e  l a rge r  lowland types ,  d i f f e r e n t i a t i o n s  wi th in  
t h e  type i n  Channels 8 through 11 (1215 t o  1255 nm) appear t o  be spec ie s  
r e l a t e d .  
through 13 (1225 t o  1275 nm). 
narrower s p e c t r a l  bands would include C T Q ~ P O V ~ ~ S  which could mask t h e  
narrow band information. 
In upland areas, similar d i f f e r e n t i o n s  a r e  ev ident  i n  Channels 9 
A 60 MI wide band encompassing both of t hese  
Analysis of t h e  CAS Data 
Examples of s p e c t r a l  curves from t h e  CAS d a t a  c o l l e c t e d  over Saginaw 
Fores t  on August 9, 1983, are shown i n  Figure 10. The most obvious 
d i f f e rences  between spec ie s  occur i n  t h e  near-infrared between 700 and 1000 
nm, where broadleaved trees are t y p i c a l l y  more r e f l e c t i v e  than con i f e r s .  
Cottonwood was  t h e  exception t o  t h i s  genera l  r u l e ,  probably because t h e  
f a l l  co lo r  change had a l ready  begun i n  t h i s  spec ies .  
The MIDAS c l u s t e r i n g  algorithm w a s  used t o  make an unsupervised 
c l a s s i f i c a t i o n  of t h e  spec t ra .  Clus te r ings  were completed f o r  each Band 
Group, f o r  optimal bands se lec ted  from each Band Group by p r i n c i p a l  
components a n a l y s i s ,  f o r  each of t h e  f i r s t  s i x  p r i n c i p a l  component axes,  
and f o r  optimal bands s e l e c t e d  from each Band Group with t h e  l i n e a r  
d i scr iminant  function. One set of analyses considered only t h r e e  cover 
c l a s s e s :  water, broadleaved forest: and con i f e r  f o r e s t .  A second set of 
ana lyses  considered f i v e  cover c lasses :  water; oak, hickory and walnut; 
e l m  and maple; pines;  and spruce. C l a s s i f i c a t i o n  accuracy exceeded 80 
. p e r c e n t  i n  t h e  three-c lass  tests only f o r  Band Group 4,  PCA se l ec t ed  bands 
from Band Group 4 ,  and LDF se lec ted  bands from Band Groups 4 ,  5, and 6. I n  
t h e  f ive-c lass  test ,  no Band Group o r  combination of s e l ec t ed  bands 
provided an accuracy above 75 percent. 
PCA showed t h e  f i r s t  p r inc ipa l  component accounted f o r  more of t h e  
va r i ance  i n  Band Groups 1 through 4 than in,Band Groups 5 and 6 (Table 6 ) .  
When a l l  Band Groups were considered toge ther ,  t h e  f i r s t  component 
accounted f o r  a much lower proportion of t h e  t o t a l  variance.  
case, however, t h e  f i r s t  two components accounted f o r  over 95 percent of 
t h e  v a r i a t i o n  i n  t h e  d a t a  set. 
I n  every 
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Figure 10. Spectral curves for eight land cover classes at the Saginaw 
Forest Test Site extracted from data collected with the 
Collins Airborne Spectroradiometer on August 9, 1983. 
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Table 6. Cumulative variance ( in  percent )  assoc ia ted  wi th  t h e  f i r s t  two 
P r inc ipa l  Components axes f o r  Band Groups and t h e  combined bands. 
(From: Zhu, 1984) 
I 
Nine Cover Types Hardwoods/Conifers 
Subset 1 Subset 2 A l l  Subset 1 Subset 2 A l l  
Group 1 91.1 61.2 77.0 83.7 88.1 85.8 
Group 2 87.6 51  .O 70.4 83.7 90.5 86.8 
' Group 3 85.7 48.8 68.7 75.5 92.9 83.6 1 Group 4 1 87.5 55 .O 72.3 79.6 90.5 84.6 ' Group 5 51.8 40.8 46.6 81.6 90.5 85.7 
Group 6 51.8 47 .O 49.5 83.7 81 .O 82.4 
I 
Band Group 
I 
1 Combined 1 ! 94.7 63.2 80.0 89.8 * 90.1 
* Accuracy not  ava i l ab le  
I 
! 1 i Data Subset PC axis 1 PC axes 1 + 2 
I 
/ 
/ -  
Band Group 1 97.72 
Band Group 2 91.72 
Band Group 3 97.61 
Band Group 4 99.86 
Band Group 5 77.43- 
Band Group 6 74.52 
Combined Bands 58.85 
~ ~~~ 
99.74 
98.49 
98.95 
99.98 
99.87 
i 
i 
1 
99.44 1 
I 
96 .OO t 
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Because b e t t e r  r e s u l t s  had been obtained with t h e  LDF, i t  was decided 
t o  attempt a supervised c l a s s i f i c a t i o n  wi th  t h e  LDF. 
cover type  were divided i n t o  two groups. 
f o r  t h a t  class, and t h e  second group w a s  kept f o r  t e s t i n g  c l a s s i f i c a t i o n  
accuracy. 
f o r e s t s )  and f o r  a l l  n ine  cover c l a s ses .  Resul t s  f o r  t h e  combined bands 
from a l l  Band Groups showed an accuracy of 80  percent  when a l l  n ine  classes 
were considered (Table 7 ) .  Band Group 1 provided almost as good r e s u l t s  as 
t h e  combination of a l l  Band Groups. 
n ine  b e s t  i nd iv idua l  CAS bands from among t h e  312 bands considered i n  t h e  
a n a l y s i s ,  six came from Band Group 1 ( 4 5 5 ,  459 ,  471 ,  486 ,  496 and 513 nm), 
one from Band Group 2 (557 nm), one from Band Group 5 ( 1 , 6 8 4  nm) and one 
from Band Group 6 (2 ,222  nm). 
Spec t ra  f o r  each 
One group became t h e  t r a i n i n g  set 
Analyses were made fo r  a two-class case  (broadleaved and con i f e r  
When t h e  LDF was  used t o  i d e n t i f y  t h e  
DISCUSS I O N  
Spec i f i c  ob jec t ives  of t h e  work covered by t h i s  r e p o r t  were t o  begin 
determining t h e  e x t e n t  t o  which high s p e c t r a l  r e so lu t ion ,  a i r c r a f t  d a t a  i n  
t h e  1 .2  t o  2.4  um s p e c t r a l  region could improve accuracy of i d e n t i f i c a t i o n  
of f o r e s t  and wildland vegetation types ,  and f a c i l i t a t e  determination of 
p l a n t  v igo r  o r  p l an t  stress i n  f o r e s t  and wildland ecosystems. 
I d e n t i f i c a t i o n  of Fores t  and Wildland Cover Types 
Data processing and Image generation which should have permitted 
determination of t h e  accuracy of cover type i d e n t i f i c a t i o n s  from t h e  AIS 
d a t a  of t h e  Sleeping Bear T e s t  Site were n u l l i f i e d  when queueing problems 
a t  JPL prevented p r i n t i n g  of the  r e s u l t s .  
Runs 106 (Gi lber t  Lake) and 117 (Crys ta l  River) provided some information. 
Separation of broadleaved from coniferous f o r e s t ,  and f o r e s t  from a l l  o t h e r  
cover types,  w a s  not d i f f i c u l t .  
i d e n t i f i c a t i o n  of t h e  two f o r e s t  classes above 90 percent i n  upland areas, 
and above 85 percent i n  t h e  undulating upland/wetland areas along t h e  
Crystal River meanders. 
Manual analyses of A I S  d a t a  from 
Spot checks produced accurac ies  i n  
Resul t s  wi th  t h e  CAS d a t a  of Saginaw Fores t  i n d i c a t e  t h e r e  i s  a g r e a t  
d e a l  of spec ie s  information i n  the  s h o r t  wavelengths of TM Band 1 (450 t o  
520 nm) i f  i t  can be separa ted  from atmospheric noise.  
knowledge of atmospheric s c a t t e r i n g  and modelling of atmospheric 
t ransmiss ion  make i t  increas ingly  l i k e l y  t h a t  ways can be found t o  s e p a r a t e  
Increas ing  
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t h e  t e r r a i n  r e f l e c t a n c e  from the atmospheric noise.  
i nc lus ion  of several s h o r t e r  wavelength bands i n  an enhanced AIS-type 
sensor  a t  least  des i rab le .  
This  l i k l i h o o d  makes 
The f l i g h t l i n e  covered by Run 117 was d e l i b e r a t e l y  chosen t o  provide a 
severe tes t  of t h e  u t i l i t y  of AIS d a t a  i n  d i sc r imina t ing  between wildland 
cover types. Cover type information from t h e  Michigan Resource Information 
System (MIRIS) was used as ground r e fe rence  d a t a  f o r  i n i t i a l  determinations 
of c l a s s i f i c a t i o n  accuracy. This map, compiled from 1:24,000 scale 
color - inf ra red  aerial  photographs and f i e l d  checked, was used by Ma (1985) 
i n  comparing t h e  accuracy of fo re s t  cover c l a s s i f i c a t i o n  from Landsat MSS 
and TM da ta .  
and a t t r i b u t e d  t h i s  t o  t h e  g rea t e r  s p a t i a l  r e s o l u t i o n  of t h e  TM. 
ground re ference  d a t a  were compiled wi th  a five-acre minimum type s i z e ,  and 
c l a s s i f i c a t i o n s  from TM d a t a  were breaking up mixed cover types i n t o  t h e i r  
component p a r t s .  The even grea te r  s p a t i a l  r e s o l u t i o n  of t h e  AIS d a t a  made 
i t  necessary t o  conduct addi t iona l  ground work t o  i d e n t i f y  cover type  on a 
n e a r l y  p i x e l  by p i x e l  bas i s .  This work w a s  incomplete at  t h e  end of t h e  
1985 f i e l d  season. 
Ma repor ted  lower accurac ies  wi th  TM d a t a  than wi th  MSS da ta ,  
The 
Preliminary r e s u l t s  of t h e  p i x e l  by p i x e l  comparison of t h e  AIS d a t a  
wi th  ground information on cover type appear t o  r evea l  narrow s p e c t r a l  band 
information una t t a inab le  w i t h  a broad-band system such as t h e  Landsat TM. 
More importantly,  t h e r e  is no gpec t ra l  band i n  t h e  Landsat TM which records  
i n  t h e  1200 t o  1300 nm region  where spec ie s  h f o r m a t i o n  seems apparent. 
Analysis of t h e  1983 d a t a  set included prepara t ion  of several enhanced 
images of t h e  Crystal River area from t h e  NS-001 Thematic Mapper Simulator 
records. Channel 5 of t h e  NS-001 records  t h e  1000 t o  1300 nm band. Best 
r e s u l t s  f o r  d i scr imina t ion  of f o r e s t  and wildland cover types were achieved 
wi th  a color-composite prepared from t h e  630 t o  690, 1550 t o  1750, and 1000 
t o  1300 nm bands, color-coded blue, green, and red,  r e spec t ive ly .  This  
r e s u l t  adds weight t o  t h e  conclusion that t h e  1200 t o  1300 nm s p e c t r a l  band 
con ta ins  important information r e l a t e d  t o  spec ie s  d i f f e rences .  
Determination of P lan t  Vigor/Stress 
Resul t s  of t h e  moisture stress experiment a t  G i l b e r t  Lake i n d i c a t e  
r e f l e c t a n c e  d i f f e rences  r e l a t e d  t o  mois ture  stress can be de tec ted  wi th  A I S  
data .  Because n o t i f i c a t i o n  of the d a t e  of t h e  o v e r f l i g h t  w a s  received only 
90 minutes before  t h e  C-130 a i r c r a f t  a r r i v e d  over t h e  test s i te ,  i t  is  
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p o s s i b l e  t h e  p l a s t i c  cover had not been removed from t h e  maple p l o t  be fo re  
t h e  f i r s t  run w a s  made. 
t h e  maple p lo t .  
photographs taken during t h i s ,  and a l l  subsequent runs ,  reveal no 
i n d i c a t i o n  of t h e  cover a t  t h e  p lo t  loca t ion .  Markers po in t ing  t o  t h e  p ine  
p l o t ,  placed a f t e r  t h e  cover was removed from t h a t  p l o t ,  are c l e a r l y  
ev ident  i n  t h e  photographs. 
a f t e r  t h e  cover had been completely removed, but are not  v i s i b l e  i n  any of 
t h e  photographs. 
This  was Run 106, t h e  only run providing d a t a  of 
Carefu l  i n t e r p r e t a t i o n  of t h e  9x9 co lor - inf ra red  aerial 
Markers po in t ing  t o  t h e  maple p l o t  were placed 
' I  
The p o s s i b i l i t y  of anomalous r e f l e c t a n c e  from t h e  maple p l o t  as a 
r e s u l t  of t h e  p l a s t i c  cover remaining i n  p lace  was explored. 
d a t a  were c o l l e c t e d  f o r  l i t t e r  from t h e  f o r e s t  f l o o r  w i th in  t h e  maple p l o t ,  
and r e f l e c t a n c e  and tronmnirmion determined f o r  t h e  p l a s t i c  cover material 
(Figure 11). In t h e  spec t r a€  region between 1000 and 1600 nm, r e f l e c t a n c e  
and t ransmiss ion  of t h e  p l r a t i e  cover are nea r ly  cons tan t  a t  10 and 90 
percent ,  respec t ive ly .  Reflectance of t h e  two l i t t e r  samples w a s  
e s s e n t i a l l y  50 percent.  
and without t h e  cover in p lace ,  revealed t h e  presence of t h e  cover might 
i nc rease  r e f l e c t a n c e  from t h e  f o r e s t  f l o o r  by two percent ;  from 50 percent  
without t h e  cover t o  52  with  the cover i n  place (Figure 12). 
t h e  s p e c t r a l  curve f o r  t h e  maple p l o t  derived from t h e  AIS d a t a  showed no 
change i n  t h e  b a s i c  re lac ionship  between s t r e s s e d  and c o n t r o l  trees 
repor ted  earlier, o the r  than a one channel s h i f t  towards s h o r t e r  
wavelengths of t h e  cross-over near 1300 nm. 
Reflectance 
Modelling of t o t a l  r e f l e c t a n c e  from t h e  p l o t ,  wi th  
Adjustment of 
" 
A l l  o the r  d a t a  co l l ec t ed  during Run 106 were s tud ied  t o  see i f  t h e  
r e f l e c t a n c e  d i f f e rences  between the  s t r e s s e d  p l o t s  and t h e i r  s tand  
backgrounds could be de tec ted .  These attempts were unsuccessful,  even with 
ex tens ive  manipulation and enhancement of each of t h e  s p e c t r a l  bands of t h e  
NS-001 Thematic Mapper Simulator, 
h igh  s p e c t r a l  r e s o l u t i o n  d a t a ,  is ind ica ted .  
A d i s t i n c t  information ga in  when us ing  
Unfortunately, t h e  storm which destroyed t h e  covers on t h e  s t r e s s e d  
p l o t s  a t  Saginaw Fores t  a l s o  destroyed t h e  r e p l i c a t i o n s  of t h e  stress 
condi t ions .  
g r e a t l y  enhanced conclusions which seem appropr ia te  from t h e  work a t  
G i l b e r t  Lake. Without t h i s  corroboration, a d d i t i o n a l  tests are needed 
be fo re  conclusions can be drawn with assurance. 
Corroborating r e s u l t s  from t h e  Saginaw Fores t  p l o t s  would have 
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Figure 12. Schematic diagram of the modelling of reflectance from the 
maple plot with the plastic cover in place. 
the leaf litter alone was 50 percent, and total upwelling 
from the forest floor with the cover in place would be 
approximately 52 percent. 
Reflectance of 
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RELATED STUDIES 
Two s t u d i e s  which were not part of t h e  o r i g i n a l  work p lan  have 
r e s u l t e d  from t h e  work a l ready  described. 
9x9 inch aerial photographs f o r  an a n a l y s i s  of t h e  e f f e c t s  of changing 
b i -d i r ec t iona l  r e f l e c t a n c e  from f o r e s t  canopies on accuracy of spec ie s  
determination. 
h a b i t a t s  r e l a t e d  t o  s n a i l  colonies which are t h e  a l t e r n a t e  hos t  f o r  t h e  
"swimmers' i t ch"  p a r a s i t e .  
One u t i l i z e d  t h e  August 1983 
The second is using NS-001 d a t a  t o  analyze underwater 
Bi -d i rec t iona l  Reflectance 
Aerial photographs taken during t h e  s e v e r a l  runs over t h e  G i l b e r t  Lake 
s i te  provided repeated coverage of several f o r e s t  s tands  wi th  t h e  s t ands  i n  
d i f f e r e n t  p a r t s  of t h e  photographs on each run. These d i f f e r e n t  photo 
loca t ions  r ep resen t  d i f f e r e n t  b i -d i r ec t iona l  r e f l e c t a n c e  angles  f o r  t hese  
stands.  Measurements from t h e  photographs wi th  a Carlson T/R-400 
densitometer revealed changes i n  apparent b r igh tness  of t h e  s e v e r a l  s t ands  
are p red ic t ab ly  r e l a t e d  t o  t h e  compound angle between t h e  inc iden t  s o l a r  
energy and t h e  outgoing r e f l ec t ed  l i g h t  t o  t h e  camera ( t h e  b i -d i r ec t iona l  
r e f l e c t a n c e  angle).  
f o r e s t  type i d e n t i f i c a t i o n  from color-infrared aer ia l  photographs (Laverne, 
1984). 
This information w a s  used t o  improve accuracy of 
Swimmers' I t c h  
I n  August 1983, a study of the  l i f e  h i s t o r y  of t h e  p a r a s i t e  
(Shistosoma dermatitus) responsible f o r  "swimmers' i t ch" .  i n  humans w a s  
being conducted i n  Glen Lake. 
of Hope College, and based a t  The Leelanau Center f o r  Education. 
The study was l e d  by D r .  Harvey Blankespoor 
The August 7, 1983 f l i g h t  program included a run ac ross  Glen Lake with 
t h e  NS-001 operating. Data from Channel 1 (0.45 t o  0.52 um), Channel 2 
(0.52 t o  0.60 um) and Channel 3 (0.63 t o  0.69 um) show underwater d e t a i l  
wi th  several anomalous, dark-toned areas i n  t h e  shallow, near-shore zone. 
Discussion of t hese  observations with s t a f f  from t h e  swimmers' i t c h  study 
revealed a c l o s e  c o r r e l a t i o n  between these  anomalous areas and known 
l o c a t  i ons  
which are 
reason( s) 
anomalous 
d a t a  from 
of co lonies  of t h e  s n a i l s  (Lymnea catascopium and Physa integra) 
t h e  alternate hos t s  for  Shistosoma demnatitus (Figure 13). 
f o r  t h i s  c o r r e l a t i o n  have not  been adequately explained, but t h e  
areas are a l s o  de tec tab le ,  a t  t h e  same loca t ions ,  i n  Landsat TM 
October 1982. 
The 
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a. Locations of areas t r e a t e d  wi th  copper 
sulfate dur ing  t h e  second week o f  
June 1983. 
b. Locations of  l i ve  co lon ie s  of s n a i l s  
(Lymnea catascopiwn and Phpa integra) 
serv ing  as a l t e r n a t e  h o s t s  f o r  t h e  
"swimmers ' i t c h "  p a r a s i t e  (Shistosoma 
&mat i tus ) .  Locations based on 
su r face  reconnaissance dur ing  t h e  t h i r d  
and f o u r t h  weeks of  July 1983. 
c .  Locations of r epor t ed  cases of 
I1 s w i m m e r s '  i t c h "  dur ing  t h e  1983 
summer season. 
d. Locations of b r igh tness  anomalies i n  
shallow water areas observed i n  Thematic 
Mapper Simulator (NS-001) d a t a  c o l l e c t e d  
on August 7 ,  , 1983. 
Figure  13. Summary of information r e l a t e d  t o  "swimmers' i t c h "  i n  Big Glen 
Lake f o r  t h e  summer of 1983. 
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c 
A POSTSCRIPT 
On Ju ly  19, 1984 t h e  NASA-Ames C-130 obtained a d d i t i o n a l  AIS d a t a  f o r  
Analysis t h e  Crys t a l  River sub-area of the Sleeping Bear Dunes T e s t  S i t e .  
of t h e  1984 d a t a  w a s  begun a t  JPL i n  Apr i l  1985 us ing  t h e  SPAM software. 
Images t o  be field-checked during t h e  1985 f i e l d  season were queued t o  t h e  
p r i n t e r  but l o s t  when t h e  queueing t ape  was a c c i d e n t a l l y  e rased  before  
being pr in ted .  
a n a l y s i s  s e s s ion ,  but p r i n t s  were not  received i n  t i m e  t o  be field-checked 
i n  1985. 
w i th  t h a t  obtained i n  1983. 
Some images were regenerated from records  of t h e  i n i t i a l  
Some i n t e r p r e t a t i o n s  have been p o s s i b l e  by comparing 1984 d a t a  
Run 404, flown from south  t o  nor th ,  provided e x c e l l e n t  AIS d a t a  
c ross ing  t h e  ground t r a c k  of Run 117 from August 7, 1983. 
common t o  both Run 117 and Run 404, spec ies  d i s t i n c t i o n s  observed i n  1983 
were a l s o  apparent i n  1984. Some of t h e  f e a t u r e s  de tec ted  appear t o  be 
former channels of t h e  Crys t a l  River no t  prev ious ly  i d e n t i f i e d  as such. 
I n  t h e  area 
Logs of some of t h e  ana lys i s  s e s s ions  inc lude  "HARDCOPY" records  of 
s p e c t r a l  curves derived from the  A I S  d a t a  and displayed on t h e  monitor 
sc reen  a t  the  work s t a t i o n .  The s p e c t r a l  curves shown i n  Figure 14 are 
from Run 404. The curves f o r  alder, (AZnus s p . ) ,  spruce (Picea mariana 
(Mill .)  BSP), and aspen (PopuZus grandidentata Michx.) are t h r e e  of t h e  
species being discriminated from t h e  AIS da ta .  
t h e s e  spec ie s  are evident i n  the  1.2 t o  1.4 um and 1.55 t o  1.85 um s p e c t r a l  
bands. This l a t te r  band i d r e p r e s e n t e d  i n  t h e  Landsat TM as Channel 5, but 
t h e  former is not  inc lud  d i n  any TM channel. 
Large d i f f e rences  between 
4-
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unvamcm(nICR0Ns) 
Figure 14 .  Sample spectral plots of brightness [DN] over wavelength 
for f i v e  ground cover c lasses  a t  the Crystal River Test 
S i t e ,  July 11, 1984.  Data are from Run 404. 
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APPENDIX I. GROUND COVERAGE MAPS FOR SEVERAL FLIGHT LINES OVER 
THE SLEEPING BEAR DUNES TEST SITE, AUGUST 7 ,  1983 
NASA-AXES C-130 F l i g h t  Number 83-008-03 
Approximate F l i g h t  Tracks f o r  Runs 106, 107, 109, 110, 111, 
113, 114, 115, and 116 
Approximate F l i g h t  Tracks f o r  Buns 109, 112, 113, 115 and 117 
Approximate AIS Ground Tracks over t h e  G i l b e r t  Lake T e s t  S i t e  
f o r  Run 106 
for Runs 107 and 108 
f o r  Runs 109 and 110 
f o r  Runs 111 and 112 
f o r  Run 116 
Approximate AIS Ground Tracks over t h e  C r y s t a l  River Test S i t e  
f o r  Run 117 
f o r  Run 404 from 
J u l y  11, 1984 * 
Page 
1-1 
1-2 
1-3 
1-4 
1-5 
1-6 
I- 7 
1-8 
1-9 
* This run w a s  part  of  NASA-AMES C-130 F l i g h t  Number 84-006-02 
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APPROXIMATE FLIGHT TRACKS FOR SEVERAL RUNS BY THE NASA-AMES C-130, 
AUGUST 7 ,  1983, FLIGHT NUMBER 83-008-03. 
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GILBERT LAKE TEST S I T E  
Leelanau County, Michigan 
1 I I I 
0 200 400 600 800 1000 
Feet 
Cover Type Legend 
21 Cropland 421 Upland c o n i f e r s  [ p l a n t a t i o n ]  
311 Upland herbaceous rangeland 432 Aspen-balsam a s s o c i a t i o n  
312 Lowland herbaceous rangeland 433 Red maple, ash,  and balsam 
321 Upland shrub rangeland 52 Lakes and ponds 
322 Lowland shrub rangeland 
411 Upland hardwoods 
@ Maple p l o t  [ s t r e s s e d ,  19831 
412 Upland aspen a s s o c i a t i o n  @ Pine p l o t  [ s t r e s s e d ,  19831 
APPROXIHATE AIS GROUNTI TRACK: Run 106 . .  August 7,  1983 
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Leelanau County, Michigan Feet 
Cover Type Legend . 
2 1  Cropland 421 Upland c o n i f e r s  [ p l a n t a t i o n ]  
311 Upland herbaceous rangeland 432 Aspen-balsam a s s o c i a t i o n  
312 Lowland herbaceous rangeland 433 Red maple, ash,  and balsam 
321 Upland shrub  rangeland 52 Lakes and ponds 
322 Lowland shrub  rangeland  
4 1 1  UDland hardwoods 
9 Maple p l o t  [ s t r e s s e d ,  19831 
412 Upland aspen a s s o c i a t i o n  @ Pine  p l o t  [ s t r e s s e d ,  19831 
APPROXUITE AIS GROUND TRACKS: Runs 107 and 108 
August 7 , ,1983 
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GILBERT LAKE TEST S I T E  
Leelanau County, Michigan 
lllrrl 
0 200 400 600 800 1000 
Feet 
Cover Type Legend 
21 Cropland 421 Upland c o n i f e r s  [ p l a n t a t i o n ]  
311 Upland herbaceous rangeland 432 Aspen-balsam a s s o c i a t i o n  
312 Lowland herbaceous rangeland 433 Red maple, a sh ,  and balsam 
321 Upland shrub rangeland 52 Lakes and ponds 
322 Lowland shrub rangeland 
411 Upland hardwoods 0 Maple p l o t  [ s t r e s s e d ,  19831 A 
412 Upland aspen a s soc ia t ion  @ Pine p l o t  [ s t r e s s e d ,  19831 
APPROXIMATE AIS GROUND TRACK: Runs 109 and 110 
August 7, 1983 
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Run 111 
Cover Type Legend 
23 Cropland 421 Upland c o n i f e r s  [ p l a n t a t i o n ]  
'311 Upland herbaceous rangeland 432 Aspen-balsam a s s o c i a t i o n  
321 Upland shrub rangeland 52 Lakes and ponds 
1- .312 Lowland herbaceous rangeland 433 Red maple, ash,  and balsam 
322 Lowland shrub rangeland 
411 Upland hardwoods @ Maple p l o t  [ s t r e s s e d ,  19831 
412 Upland aspen a s s o c i a t i o n  @ Pine p l o t  [ s t r e s s e d ,  19831 
APPROXIMATE AIS GROUND TRACKS: Runs 111 and 112 
Ju ly  7, 1983 
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GILBERT LAKE TEST S I T E  
Leelanau County, Michigan 
u 
0 200 400 600 800 1000 
Feet 
Cover Type Legend 
21 Cropland 421 Upland conifers [plantation] 
311 Upland herbaceous rangeland 432 Aspen-balsam association 
312 Lowland herbaceous rangeland 433 Red mapl'e, ash, and balsam 
321 Upland shrub rangeland 52 Lakes and ponds 
322 Lowland shrub rangeland 
411 Upland hardwoods 9 Maple plot [stressed, 19831 
412 Upland aspen association @ Pine plot [stressed, 19831 
APPROXIMATE AIS GROUND TRACE: Run 116 
August 7, 1983 
Run 115 passed south of the area shown 
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CRYSTAL RIVER TEST S I T E  
Leelanau County, Michigan 
llx 
112 
113 
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31 
32 
APPROXIhtATE AIS GROUND TRACK 
Run 117 August 7, 1983 
Cover Type Legend 
Residential Use 
Multi-family, low rise 
Single family, duplex 
Commercial, Institutional Use 
Central business district 
Neighborhood business district 
Institutional [school] 
Utili ties 
Herbaceous rangeland 
Shrub rangeland 
411 
413 
4 21 
423 
4 31 
433 
4 35 
5 2  
612 
72 
Upland hardwoods 
Aspen, white birch assoc. 
Upland conifers 
Lowland conifers 
Upland hardwoods with pine 
Red naple, ash, balsam 
Lowland conifers & hardwoods 
Lakes and ponds 
Shrub, scrub wetland 
Beaches and riverbanks 
Cover type information from the Michigan Resource Information System 
supplied by the Michigan Department of Natural Resources, Lansing, MI. 
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CRYSTAL R I V E R  TEST S I T E  
Leelanau County, Michigan 
APPROXIMATE AIS GROUND TRACK 
Run 404 July 11, 1984 
llx 
112 
11 3 
12x 
121 
124 
126 
146 
31 
32 
Cover Type Legend 
Residential Use 411 Upland hardwoods 
Multi-family, low rise 413 Aspen, white birch assoc. 
Single family, duplex 421 Upland conifers 
Commercial, Institutional Use 423 Lowland conifers 
Central business district 431 Upland hardwoods with pine 
Neighborhood business district 433 Redmaple, ash, balsam 
Institutional [school] 435 Lowland conifers & hardwoods 
Utilities 52 Lakes and ponds 
Herbaceous rangeland 612 Shrub, scrub wetland 
Shrub rangeland 72 Beaches and riverbanks 
Cover type information from the Michigan Resource Information System 
supplied by the Michigan Department of Natural Resources, Lansing, MI. 
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NASA-AMES Flight Summary Report 
C-130 Flight Line Requirements, Sleeping Bear Forest 
C-130 Flight Line Requirements, Saginaw Forest 
NSOOlIMS Infl ight  Log f o r  Mission 83-003-03 
AIS Tape Log f o r  Mission 83-008-03 
AIS Science Log for Mission 83-003-03 
Page 
11-1 
11-10 
11-12 
11-15 
11-17 
11-20 
FLIGHT SUMMARY REPORT 
Flight No: 83-008-03 Date: 7 August 1983 
FSR No: 1819 Julian Date: 219 
Sensor Package: ZeisslNS001 Mu1 t i s p e c t r a l  Scanner 
P 
Purpose of Flight: ' #0788 Support 
' I  Requestor: Goetz/Mart i  n 
Area(s) Covered: Saginaw Forest, Ann Arbor, Michigan 
Sleeping Bear Forest ,  Michigan 
SENSOR DATA 
Accession No: 
Sensor ID No: 
Sensor Type: 
Focal Length: 
Film Type: 
Filtration: 
Spectral Band: 
f stop: 
Shutter Speed: 
No. of Frames: 
% Overlap: 
Quality: 
Remarks: 
Aircraft No: 707. 
03293 ----- 
075 072 
Zeiss NS001 
Aerochrome In f ra red  ----- 
2443 
Wratten-12 ----- 
51 0-900nm 
4.0 
1 /200 
116 
60 
Good 
----- 
See NSB01 wr i te -up  
----- 
Tape data o n l y  
11-1 
1 of 2 
NS00l Calibration Data 
83- 008-03 
Thermal Data (Channel 8) 
Reference Sources Channel 8 Response Fl i g h t  
Line 
1 
2 
3 
4 
- 
BB #1 ("C) BB #2 ("C)  BB #1 (Counts) BB #2 (Counts) 
208.73 35.9017 
35.8891 
37.1077 
64.40 
64.39 
37.42 
1 5.6970 
1 5.6000 
1 6.2000 
16.1460 
16.2000 
16.1 640 
208.93 
182.47 
182.22 37.31 
37.16 
37.0884 
37.1038 
37.0981 
182 73 
37.27 181.85 
37.17 182.14 37.0981 
37.0952 
16.2000 
1 6.2000 
8 
9 37.17 181.72 
10 1 6.2000 37.1027 36.89 181.39 
33.60 177.93 37.1006 
37.1 1 41 
38.5061 
1 1  
12 
1 6.21 09 
16.2371 33.20 177.92 
~~ ~ 
1 8.2000 13 33.44 176.04 
Optical Data * 
F1 ight 
Line 
1 
Channel 1 Ch. 2 
----- 
Ch. 3 Ch. 4 Ch. 5 
----- 
Ch.  6 
----- ----- -a_-- 
2 38.94 55.52 74.02 96.35 5.00 51.94 
52.05 
14.96 
14.49 3 
~~ 
56.00 74.55 96.19 39.22 5.00 
5.00 4 39.65 56.58 70.98 96.54 52.43 14.34 
5 39.70 56.86 71 .OO 95.72 52.33 14.04 5.00 
6 
~~ 
71 .OO 
~ 
95.47 39.72 56.90 52.53 14.01 5.00 
71.02 95.51 52.46 14.01 5.00 7 
8 
56.96 
57.01 
39.84 
39.83 
39.73 
71.12 95.54 52.64 14.00 5.00 
9 96.02 
96.21 
L 
56.99 71.16 52.43 14.01 5.00 
10 39.56 71.07 52.73 5.00- 14.01 
14.03 
14.03 
56.97 
56.95 
56.81 
56.84 
5.00 
5.00 
- 39.67 96.20 
96.28 
52.41 
52.61 
71.10 
71 D9 
1 1  
12 
13 
39.45 
39.48 7.1.08 96.03 52.68 14.04 
* Radiarxe units are microwatts per square centimeter per micrcn Per steradian Der 
count. 
these values t o  cbtain absolute radiance. 
l ine,  in which  there may be. var ia t ion.  
more exact information. 
Tare value (word 19) must be subtracted from video before'multiplying by 
These values are  averages over a f l ight-  
Check individual scanline header data for 
11-2 
~ 
2 of 2 NSgO1 Calibration Data 
83 -008-03 
Thermal Data (Channel 8) 
Reference Sources Channel 8 Response 
18.2000 38.5087 33.65 176.21 
BB #1 ("C)  BB #2 ( " C )  BB #1 (Counts) BB #2 (Counts)  
F1 ight  
Line 
14 
16.5000 37.9747 33.98 175.96 
1 6.5000 37.9062 33.58 175.76 
15 
16 
17 
18 
19 
20 
21 
22 
23 
- 
175.78 1 6.5000 
16.5000 
16.5000 
16.5000 
33.41 
33.98 
37.9237 
37.9183 175.86 
33.65 175.88 37.9026 
38.2234 178.16 33.73 
33.82 40.3003 193.13 1 6.5000 
16.4960 40.1889 34.04 192.26 
16.4909 40.1849 33.70 192.36 
40.1400 34.08 192.02 
192.71 
1 6.4037 
16.4437 
24 
25 40.1822 34.16 
Optical Data * 
F1 i g h t  
Line 
14 
Channel 1 
39.38 , .  
Ch. 2 Ch. 3 
56.78 71.06 
56.20 70.83 
55.70 70.60 
55.80 70.60 
Ch. 4 Ch. 5 
96.00 52.57 
98.61 52.82 
96.83 52.54 
96.40 52.71 
Ch. 7 -C h .  6 
14.06 5 .OO 
15.00 5 .OO 
- 
15 42.73 
.1 6 42.47 14.59 5.00 
14.22 5 00 42.60 17 
18 
19 
2[1 
21 
22 
23 
A!?!!!?! 
25 
42.81 55.95 ~~ 57.74 14.24 5 .OO 
43.71 5 . u E  7 0 . 7 3 9 6 . 5 4 -  52.65 14.02 5.00 
43.m 56.88 7 0 . 8 8 -  96.50 52.63 14.02 5 .OO 
62.78 55.95 70.83 97.01 52.85 14.14 5.00 
43.08 56.00 70.92 96.68 52.88 14.00 5.00 
43.07 56.55 70.90 96.50 52.80 14.00 5.00 
43. OQ 56.35 70.96 96.74 52.93 14.00 5.00 
43.57 58.86 71.12 96.39 52.89 14.06 5.00 
* RadiaEce units a re  microwatts per square centimeter per mizron per steradian per 
count. 
these values t o  cbtain absolute radiance. 
line, i n  which fhere may be variation. 
more exact information. 
Tare value (word 19) must be subtracted from video before multiplying by 
These values a re  averages over a f l i gh t -  
Check individual scanline header data for  
- 11-3 
FLIGHT SUMMARY 
83-008-03 
This f l i g h t  ws f lown under F l i g h t  Request #0788 (Goetz/Martin, JPL) under the  FY 1983 
Airborne Instrumentat ion Research Program (AIRP) p la r .  
spect ra l  scanner data were acquiped over selected s i t e s  i n  Sleeping Bear Forest, Michigan 
and Saginaw Forest, Ann Arbor, Michigan w i th  the NASA C-130 a i r c r a f t .  No Track Map 
i s  provided f o r  t h i s  f l i g h t .  
Photographic and NS0gl mu1 ti- 
Moderate c loud cover was encountered over the Saginaw Forest  S i te .  No camera o r  
processing malfunct ions were noted ar?.d the q u a l i t y  o f  the data i s  ra ted  as good. 
The times on the  scanner data are approximately 5 minutes ahead of those on the 
correspoRding photography. 
NS091 Mu1 t i s p e c t r a l  Scanner 
The NSgp1 Mul t i spec t ra l  Scanner used on the C-130B a i r c r a f t  contains the seven 
Landsat-D Thematic Mapper bands p lus a band from 1.0 t o  1.3 micrometers. The 
s p e c i f i c  bands are: 
Band -
1 
2 
3 
4 
5 
6 
7 
. 8  
Spectral bandwidth, um 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0.76 - 0.90 
1.00 - 1.30 
1.55 - 1.75 
2.08 - 2.35 
10.4 - 12.5 
Sensor spec i f i ca t i ons  are: 
I FOY 2.5 mrad 
P ixe l  s/scan 1 i ne 
Total  scan angle lDOO 
0 
2' 699 
The format of the f l i g h t  data consis ts  0.f 838 8 - b i t  words per frame (data f o r  one 
wavelength band throughout a scan l i n e ) .  Of these, 699 are the video information 
and the remainder are in format ion on Greenwich time, scan l i n e  number, c a l i b r a t i o n  
lamp vol  tage and current,  blackbody temperatures, etc. 
Computer compatible tapes (CCTs) are produced from the f l i g h t  tapes, and cons is t  
of header in format ion fo l lowed by scanner video data. 
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APPENDIX 111. FLIGHT RECORDS FOR NASA-AMES C-130 FLIGHT NUMBER 84-006-02 
NASA-AMES F l ight  Summary Report 
C-130 Fl ight  Line Requirements, Sleeping Bear Dunes 
AIS Tape Log f o r  Mission 84-006-02 
AIS Science Log f o r  Mission 84-006-02 
JPL (D. Tucker) letter o f  June 26, 1984 re: AIS Calibration 
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8 a ' ,  
FLIGHT SUMMARY REPORT 
Flight No: 84-006-02 
FSR No: 1946 
Sensor pwbge: Zeiss Camera 
NSOOl Mu1 tispectral Scanner 
Purpose of Flight: #lo05 Support 
Requestor : Tucker 
A d s )  Covered: Sleeping Bear 3unes 
SENSOR DATA 
Accession No: 
Sensor ID  No: 
Sensor Type: 
Focal Length: 
Film Type: 
Filtration: 
Spectral Band: 
f stop: 
Shutter Speed: 
No. of Frames: 
% Overlap: 
Quality: 
Remarks: 
03370 
077 
2443 
6 I' 
1 53.40m 
Aerochrome Infrared 
2443 
w-12 
51 0-900~1 
40 
1 /4CO+ - 
28 
60% 
Good 
111-1 
Date: 19 July 1984 
Julian Date: 201 
Aircraft No: 707 
--- 
07 2 
NSOOl 
--- 
Good 
Tape Data only 
FLIGHT SUMMARY 
84-006-02 
This f l i g h t  was flown i n  support  of  F l igh t  Request X1005 (Tucker, JPL) under the 
FY 1984 Airborne Instrumentat ion Research Program (AIRP) plan.  Photographic and 
NSOOl mu1 t i s p e c t r a l  scanner da t a  were acquired over  Sleeping Bear Dunes, Michigan 
( see  Track Map). 
Some cloud shadows were encountered over some of  the frames. 
NSOOl and the camera are n o t  working. Times f o r  the NSOOl da ta  and the photography 
were taken from the f l i g h t  log.  
NS001 Mu1 t i s p e c t r a l  Scanner 
The c locks  on the 
The NS001 Mult i spec t ra l  Scanner used on the C-130B a i r c r a f t  conta ins  the seven 
Landsat-D Thematic Mapper bands p l u s  a band from 1.0 t o  1.3 micromcters. The 
s p e c i f i c  bands a re :  
- Band 
1 
2 
3 
4 
5 
6 
7 
8 
Spectral  bandwidth , um 
0.45 - 0.52 
0.52 - 0.60 
0.63 - 0.69 
0 .76  - 0.90 
1.00 - 1.30 
1.55 - 1.75 
2.08 - 2.35 
10.4 - 12.5 
Sensor speci f i c a t i  ons a r e  : 
I FOV 2.5  mrad 
Pixels /scan line 699 
Total  scan angle  looo 
The format of the f l i g h t  da ta  cons$& of 838 8 - b i t  words per frame (da ta  f o r  one 
wavelength band throughout a scan<l.ine). Of these, 699 a r e  the video information 
and the remainder a r e  i n f o r m a t i d  on Greenwich time, scan line number, c a l i b r a t i o n  
lamp vol tage  and current, blackbody temperatures,  etc. 
Computer compatible tapes (CCTs) are produced from the f l i g h t  t apes ,  and c o n s i s t  
of header information followed by scanner video da ta .  
111-2 
NS0Ql Calibration Data 
84- 006 - 02 
Thermal Data (Channel 8 1  
Reference Sources Channel F1 ight 
Line 
1 
8 Response 
175.1 
BB #2 (Counts) BB #2 ('CC) 
38.80 
BB #1 ("C) 
10.39 
10.30 
10.20 
. l o .  20 
10.20 
BB 81 (Counts) 
50.7 
149.0 50.7 
50.7 
33.05 
32.93 
33.01 
33.08 
2 
3 
4 
5 
- 
149.5 
50.7 
~ 
149.9 
- 
50.8 150.0 
Optical Data * 
- Ch. 2 Ch. 3 Ch. 4 Ch. 5 F1 i g h t  Line 
1 
2 
- 
Channel 1 
44.04 
Ch.  6 Ch. 7 
46.46 67.23 94.41 51.06 13.64 3.97 - 
13.49 4.03 52.44 93.64 51.18 
51.46 
51.59 
51.89 
-
-
55.47 67.42 
67.66 55.89 
68.08 70.78 
71.68 68.47 
-
-
--
92.91 
92.17 
13.36 4.07 52.76 
59.50 
60.04 
- 
3 
4 
5 - 
- - 
13.23 4.10 
91.79 13.13 4.12 
* Radiance units are microwatts per square centimeter per micron per steradia 
count. Tare value (word 19) must be subtracted from video before m u l t i p l y i n g  
these values t o  obta in  absolute radiance. These values are averages over a f 
line, i n  wh ich  there may be variation. Check i n d i v i d u a l  scanline header data  
more exact information. 111-3 
I per 
bY 
i g h t -  
for 
NSOOl SCANNER DATA 
LOGICAL RECORD FORMAT 
16-BIT WORD 
NUMBER 
1-25 
1 
2 
3-4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17-18 
19 
20 
21 
22 
23 
24 
25 
26-375 
26 
27 . . 
3 7 i  
CONTENTS 
Channel Scanline Housekeeping Information 
Data frame status 
0 Good frame 
10-16 Interpolated data 
20-26 Repeated data 
30-36 Zero-fill for data 
-Visible channel (1-7) flight calibration values 
modified for gain: integer, tens of nanowatts 
per square centimeter per nanometer per steradian 
per count. 
-Thermal channel is not used. 
Scanline number (32-bit integer) 
Black body 1 (BB1) reference thermistor count (low) 
Black body 2 (BB2) reference thermistor count (high) 
BB1 (low) thermal reference temperature (degrees C + 100) 
882 (high) thermal reference temperature (degrees C 100) 
Scan speed ( + 100) 
GMT hours 
GMT minutes 
GMT seconds ( + 10) 
Demagnification value ( + 100) 
Filler 
Gain Value ( + 1000): 
Radiance per count calibration values: 
-Visible channel (1-7) gain value is defined as 
as 1000 times (word 24 minus word 19) divided by 
(the laboratory value of reference lamp less tare). 
-Thermal channel (8) is  not used. 
Channel number 
Time expressed as a 7-digit number in the form HHMMSST 
BB1 (low) radiance count 
BB2 (high) radiance count 
Reference lamp voltage 
Reference lamp current 
Reference lamp state: 16 bits OOOOOOOOOabOOOOO 
a = 1 means reference lamp selected as visible high-level 
b = 0 means lamp has degraded below predetermined 
b = 1 means lamp has not degraded below predetermined level 
calibration source 
level of 12.8V 
Reference lamp radiance count 
Filler 
Digitized Video Pixel Information (see note below) 
Digitized video pixel no. 699 and no. 698 
Digitized video pixel no. 697 and no. 696 
0 
0 
0 
Byte 1 is digitized video pixel no. 1 
Bvte 2 is filler 
NOTE: Housekeeping information consists of 16-bit integers, unless otherwise noted. Video pixel 
data consist of two 8-bit samples packed into one 16-bit word. Geometrically corrected 
video pixels are reversed to compensate for the fact that the NS001 scans right to left; 
pixel no. 1 is the leftmost pixel, and pixel no. 2 is the rightmost. 
data contains 953 pixels, expanding the logical record. format to 502 words. Digitized 111-4 
~ 
NSOOl SCANNER DATA TAPE FORMAT 
The Applications Aircraft Data Management Facility converts scanner data recorded on 14-track high-density 
tape to standard 9-track computer-compatible tapes (CCT) for the user. Density of CCTs can be 6250, 1600, 
or 800 bpi, depending on the user's preference. The logical record length is  fixed a t  750 8-bit bytes for raw 
data and 1004 bytes for geometrically corrected data. The first 50 bytes for all records are housekeeping 
information; the next 699 (or 953 for geometrically corrected data) are digitized pixel data. A single 
"filler" byte is added a t  the end of each logical record to maintain even-numbered lengths. 
All channels for a particular flight segmentare written in a single tape file in line-interleaved format, as follows: 
record 1 = scanline 1, channel 1 
record 2 = scanline 1, channel 2 
record 3 = scanline 1, channel 3 
e 
e 
e 
record 8 = scanline 1, channel 8 
record 9 = scanline 2, channel 1 
etc. 
Users can request that tapes be blocked to contain a l l  channels of a single scanline sequentially in one record. 
In such cases physical record length equals the number of channels multiplied by the logical record 
length (750 or 1004 bytes). 
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JUNE 26,1984 
D r .  Charles Olsen 
School o f  Natura l  Resources 
U n i v e r s i t y  o f  Michigan 
Samuel Trask Dana Eldg 
Ann Arbor, M I  48109 
Dear Chuck, 
The wavelength c a l i b r a t i o n  f o r  A i rborne Imaging Spectrometer data 
f l i g h t s  from J u l y  through September i s  as fo l lows:  
EWS Lo_w_e_r_ W_a_v_e_Le_n_~t,h_ U e ~ r  k!a_v~le_n_~th D,imee,rrs,Lo-n, 
0 no t  measurable 1141.6 nm --- 
1 1151.8 nm 1440. 8 9.21 nm/pi:cel 
2 1432.8 1740. (3 9.26 
3 1748.0 2 (1) 3 6 . (1) 9.29 
4 2048.0 2336.8 9.32 
These wavelengths a re  about 60 nm lower than planned. We 
rece ived a new spectroradiometer about one week: be fore  we needed 
to c a l i b r a t e  QIS. , Dur ing shipping, the g r a t i n g  had s i i p p e d  on 
i t s  mount i n  t h e  monochromator thereby s h i f t i n g  t h e  wavelength 
c a l i b r a t i o n  b y  about 60 nm. T h e  discrepancy was no t  found i n  
t ime  t o  c o r r e c t  t h e  A I S  wavelength endpoints. The above 
va lues were measured a f t e r  the September data f l i g h t s  when we 
re tu rned  A I S  t o  JPL. 
I f  you had requested and received the  l i g h t  cannon c a l i b r a t i o n  
data, i% too was o f f  by t h e  60 nm. A p o s t - f l i g h t  c a l i b r a t i o n  was 
performed a f t e r  the  monochromator was re-cal i b ra ted .  
If you have any quest ions,  please c a l l  m e  a t  (819) 554-2446 ,FTS 
792-2466. 
Sincere ly ,  
Deanne Tucker 
A I S  E:.: per i ment Represent a t  i ve 
MS 11-116 
Telephone (213) 3544321 
